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The four LEP experiments ALEPH, DELPHI, L3 and OPAL have collected about
four million Z decays each between 1990 and 1995 at energies close to the Z-pole.
Most of the data have been taken between 1992 and 1995 on the peak and at
approximately 2GeV above and below.
Recent preliminary results, using a large fraction of the full statistics, are presented
on electroweak and selected topics of b-physics.
Invited talk given at the SLAC Summer Institute 1996
1 Introduction
Between 1989 and 1995 LEP has been operated at centre of mass energies of a few
GeV around the Z-peak. Each experiment has collected about 4  10
6
hadronic and 4  10
5
leptonic Z-decays. Out of this the luminosity collected at energies few GeV away from the
nominal Z-mass is about 40pb
 1
per experiment.
Apart from the usual tracking and calorimetry all experiments are equipped with
powerful silicon microvertex detectors allowing for an ecient tagging of b- and c-quarks.
For the determination of the Z resonance parameters close to the full statistics
has been used. For most other analyses the data taken up to 1994 are included which
corresponds to more than 80% of the total available statistics.
For all of the electroweak and for some important b-physics quantities the LEP
collaborations have taken a special eort to combine the results in a consistent way,
taking into account common systematic uncertainties.
2 The Z-lineshape






f; f 6= e near the Z-pole at a centre of mass
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the contributions from -exchange and  Z interference which are very much suppressed
at centre of mass energies close to the Z-mass. The radiative corrections can be calculated
in QED and depend only on the cross section at energies below the centre of mass energy
at which the cross section is measured.  
Z
stands for the total decay width of the Z and
 
f
for its partial decay width into an f

f pair. For f = e in addition the contributions
from t-channel  and Z exchange have to be added.
The LEP experiments extract from the cross sections a set of minimal correlated



























` = e; ; 
The maximum correlation between these parameters is 14%.
2.1 Determination of the beam energy
The determination of the Z mass and width depends crucially on the accurate
knowledge of the LEP beam energy for the o-peak lls. For that reason at the end of each
such ll an energy calibration using the resonant depolarization technique is attempted,
which determines the beam energy to a precision of about 0:2MeV. However the total
error on the beam energy is signicantly larger for several reasons:
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{ Only a part of the o peak lls are successfully calibrated at the end (40% in 1993,
70% in 1995). For the the others an extrapolation model is needed.
{ Imperfections in the RF system make the energies in the interaction points dif-
ferent from the mean energy. These errors are anticorrelated between the dierent
experiments so that they cancel to a large extend in the LEP average.
{ The beam energy rises with time due to hysteresis eects in the LEP magnets. This
eect has been discovered only during the 1995 scan due to newly installed NMR
probes in the LEP-tunnel. As illustrated in gure 1 these eects are originated by
leakage currents through the beam pipe induced by trains in the Geneva region.
A detailed description of the full procedure can be found in [1]. The total error on the






2.2 Measurement of the cross section





where N is the acceptance and background corrected number of events and L the inte-
grated luminosity.
The large acceptance of the LEP detectors and the clean environment of the ac-





! hadrons and better than 0:5% for the leptonic channels.
The luminosity at LEP is determined from Bhabha scattering at low angles for
which the cross section can be calculated reliably in QED. All experiments measure this
cross section now to better than 0:1% and the theoretical calculation is accurate to 0:11%.
2.3 Results
The results on the Z-lineshape from the dierent experiments can be found in [2{5]
and are summarized in table 1. As an example the hadronic lineshape measured by the

























is the result assuming lepton universality corrected to a massless lepton. From































Figure 1: Eect of trains on the LEP beam energy. The upper plot shows the voltage
measured on the rails while a train is passing close to the LEP tunnel. The middle plot
shows the voltage measured simultaneously on the LEP beam pipe and the lower plot the







Taking the ratio of the leptonic to the neutrino partial width from the Standard Model




ALEPH DELPHI L3 OPAL
m
Z
(GeV) 91:18730:0030 91:18590:0028 91:18830:0029 91:18240:0039
 
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
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Figure 2: The hadronic line shape measured by the L3 collaboration.
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2.4 Forward-backward lepton asymmetries


















) is the number of events, where the fermion f is scattered in the incom-
ing electron (positron) direction. On Born level the dierential cross section w.r.t. the















which is only weakly modied by radiative corrections. For pure Z exchange the forward





























) denotes the vector (axial vector) coupling of the Z to the fermion f . The ratio





















at the three energies
obtained by DELPHI. The energy dependence of A
FB
is given by the    Z interference
and contains little information on electroweak quantities. For that reason the experiments




; ` = e; ;  as additional free parameters. The results are included in references [2{5]


















The mean  polarization as a function of the scattering angle is given by:
P























determined separately with almost no correlation.
The  polarization can be extracted from the energy and decay angles of the 
decay products. This is illustrated for four dierent decay modes in gure 4.
Figure 5 shows the polarization as a function of the scattering angle from the L3 analysis.
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The results of the dierent experiments are described in [6{9] and summarized in























) and the coupling parameter A
`







the two couplings can be determined separately. Table 2 summarizes the result with
and without the assumption of lepton universality. Also shown are the results if the left-
right asymmetry measured at SLD [10] is included. The LEP results are shown in gure
7 together with the Standard Model prediction and the SLD result. The LEP data agree
well with lepton universality. Also good agreement with the prediction and with the SLD




















































.2 d) χ2/DOF = 14.3/9
Figure 4: Polarization sensitive variable for  decays in the OPAL analysis for a)  ! e,
b)  ! , c)  !  and d)  ! a
1
. For a)-c) the sensitive variable plotted is
the normalized energy of the charged decay-particle. For d) the variable is an optimized
variable constructed from the a
1
energy and the decay angles in the a
1
decay. The points
with the error bars represent the data, the dashed line the prediction for positive polarized
taus and the dotted line for negative polarized tau. The solid line is a t to the data with
the polarization left free.
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Figure 5:  polarization as a function of the scattering angle from the L3 collaboration.
The line represent a t to the data with (dashed) and without (solid) the assumption of
lepton universality.
 A from τ polarization
ALEPH Ae 0.129 ± 0.017
DELPHI Ae 0.140 ± 0.013
L3 Ae 0.156 ± 0.017
OPAL Ae 0.129 ± 0.015
ALEPH Aτ 0.136 ± 0.015
DELPHI Aτ 0.138 ± 0.012
L3 Aτ 0.152 ± 0.013
OPAL Aτ 0.134 ± 0.013
LEP Average 0.139 ± 0.005
χ2/dof = 3.0/7
mZ = 91 186 ± 2 MeV
mH = 60 - 1000 GeV


















 0:0368 0:0015  0:03828 0:00079
g
V 
 0:0372 0:0034  0:0358 0:0030
g
V 
 0:0369 0:0016  0:0367 0:0016
g
Ae
 0:50130 0:00046  0:50119 0:00045
g
A
 0:50076 0:00069  0:50086 0:00068
g
A





 0:03688 0:00085  0:03776 0:00062
g
A`
 0:50115 0:00034  0:50108 0:00034
Table 2: Results for the eective vector and axial-vector couplings derived from the com-
bined LEP data without and with the assumption of lepton universality. For the right























plane from LEP measurements. The
solid contour results from a t assuming lepton universality. Also shown is the one stan-
dard deviation band resulting from the A
LR
measurement of SLD. The grid corresponds
to the Standard Model prediction for m
t












3 Electroweak Physics with Quarks
b- and c-quarks can be tagged with high eciency and purity, so that they can be
used for electroweak analyses. Two types of quantities are of basic interest:






























. The sensitivity is about a factor three larger than for charged leptons and the
total statistics for b and c quarks is each about equal to the sum of all lepton species.
In principle the forward-backward asymmetries depend on the product of the initial and




















is constant. The variation of 
b



























e, ;  1:7 3 3:4%
c 4:3 12%
b 5:6 15%















practically all QED, QCD and electroweak propagator correc-
tions cancel and only corrections to the Z ! qq vertex remain. R
0
c
is thus predicted by
the Standard Model with a very small error. In this model R
0
b
depends only on the top
quark mass, however in supersymmetric extensions also some dependence on the stop and
chargino sector arises.
3.1 Tagging methods
Basically three methods exist to tag b- and c-quarks:
{ lifetime tags, using impact parameters or secondary vertices for b-quarks,
{ high momentum leptons in jets for b- and c-quarks,
{ exclusively or inclusively reconstructed D mesons, mainly for c-quarks.
3.1.1 Lifetime tags
The lifetime tags provide the purest and most ecient methods to tag b-quarks.
Basically two principle methods exist. Either the experiments try to reconstruct secondary
vertices and measure the distance of such vertices to the primary one or the beam-spot
(DELPHI, OPAL) or the presence of tracks with a large impact parameter with respect
to the primary vertex is used as tagging method (ALEPH, DELPHI, L3). For the tagging
of b-hemispheres both methods give purities of more than 90% for eciencies of more
than 20%. Recently ALEPH combined the lifetime tag with a cut on invariant masses
and obtained a 98% purity at an eciency of 23% [11]. Figure 8 shows the uds- and




always indicates that a quantity is corrected to pure Z exchange.
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Figure 8: uds- and c-eciency as a function of the b-eciency for the ALEPH lifetime
plus mass tag.
3.1.2 Lepton tags
High momentum leptons in jets are used since long to tag b and c quarks. An almost
pure sample from prompt b ! ` decays can be obtained by cutting on the transverse
momentum of the lepton relative to the jet axis. On the contrary a clean separation of
leptons from charm and those from b-cascade leptons and misidentied hadrons is not
possible.
OPAL improved recently their lepton tagging by the use of additional variables
measured from the jet to which the lepton is associated [21]. As can be seen from gure
9 this give a very good purity for b! ` and also a reasonable purity for c! `.
Although eciency and purity for the lepton tag are not as good as for the lifetime
tags the lepton measurements still provide the most accurate results on the b-asymmetry,
since the lepton charge is an ecient indicator of the quark charge.
3.1.3 D-meson tags
D mesons indicate the presence of either c or b quarks. However the D's from charm
tend to have a higher momentum than the ones from B-decays. Further separation of the
two quark avours, more independent on the knowledge of fragmentation properties, is
possible using lifetime tags as described above.
Three dierent methods to tag D-mesons are used:
{ exclusive D

reconstruction: First a D
02)









































Figure 9: Network output for the dierent electron sources in the OPAL lepton tag.








mass dierence the available
phase space for the 
+
is very small leading to a good resolution in the mass dier-
ence. For this reason many D
0
decay modes can be used, even some where the D
0
is reconstructed only partially, still giving a small combinatorial background.
{ inclusive D










decay is forced to follow the D
+
ight direction and to have a relatively
low momentum. This leads to a small transverse momentum of the decay pion with
respect to the jet axis. Due to the large background an event by event tag is not
possible with this method. However the number of D
+
-mesons in a sample can be





{ exclusive charmed hadron reconstruction: Clean signals can be obtained for basically
all weakly decaying charmed hadrons. However the combinatorial background is
rather high for all of these channels.
3.2 Combination of data
The combination of the LEP heavy avour data is more complicated than for the
lineshape and  polarization measurements. In some cases more than one quantity is mea-
sured in the same analysis leading to statistical correlations and in all cases assumptions
on heavy avour production and decay properties are needed leading to correlations in
the systematic errors between dierent measurements. In addition some measurements
depend explicitly on the values assumed for the other quantities, e.g. the double tag mea-
surements of R
b
depend on the value assumed for R
c
. All this makes it necessary to have
a well dened procedure to combine the electroweak results with heavy avours.
In addition SLD produces measurements on R
b
that are comparable to the ones at
LEP and measurements of the polarized forward-backward asymmetries of b- and c-quarks
that are physically independent of the LEP observables, but need the same assumptions
and are therefore systematically correlated with the LEP numbers.
The LEP experiments and SLD have agreed on a common set of input parameters
and their errors to be used for the heavy avour analyses and a procedure to combine
the results. A detailed write-up of the full procedure can be found in [13]. The input
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parameters have been updated recently [14] to take into account new measurements. The
main updates are:
{ All numbers taken from PDG have been updated with the 96 edition [15].
{ Acceptance biases to the QCD corrections to the forward backward asymmetries
have been evaluated. The experimental cuts select predominantly high momentum
quarks. On the contrary the QCD correction, which has a total size of about 3% of
the asymmetry, is mainly due to low momentum quarks with a random direction
after hard gluon radiation. The QCD correction is thus reduced by about a factor
of two.
{ The production rates of charmed hadrons are taken from LEP measurements. These
rates enter directly in the interpretation of charmed hadron cross sections in terms
of R
c
and at second order in the estimate of the charm-background in the R
b
anal-
yses. Up to now these rates have been evaluated from data taken at lower energy.
This needed however the assumption that the fragmentation process is energy in-
dependent.
{ The probability that a gluon splits into a cc pair is measured by OPAL [16]. This





is still taken from
theory but DELPHI has presented a preliminary measurement of the gluon splitting
to b






there are two methods with about equal precision:
{ lepton tags,
{ lifetime tags combined with a jet charge technique.
The lepton tag analyses measure A
b
FB
either in a sample of high p and p
t
leptons
or as a function of the lepton momentum and transverse momentum. In both cases the
Monte Carlo is used to predict the sample composition that is needed to correct the raw
asymmetry. In addition the data have to be corrected for QCD- eects and b

b mixing.
However all corrections are well under control and the measurements are statistically
limited. Most of the needed input parameters like the average mixing and semileptonic
branching ratios are measured by the LEP experiments themselves sometimes even in the
same analyses. The results of the experiments on A
b
FB
with leptons and the lepton ts
can be found in [18{21].
For the lifetime plus jetcharge measurements rst a b

b sample is selected with a
lifetime tag and the quark charge is measured from the mean jet charge on a statistical
basis. Using the sum and the dierence of the two hemisphere jet charges the charge tag-
ging eciency is extracted simultaneously from data. Only corrections due to hemisphere
correlations and light quark backgrounds need to be taken from Monte Carlo. Eects from
b-mixing and QCD are already included in the measured charge tagging eciency. The
results of the four experiments are reported in [22, 19, 23].
Figure 10 a) summarizes the results obtained with the two methods. In addition
DELPHI and OPAL report results on A
b
FB
with D mesons. However this is basically to
take care of the correlation with A
c
FB





is either measured with leptons together with A
b
FB
or using D-mesons. The






 at √s = 91.26 GeV
LEP Average 0.0961 ± 0.0024
OPAL lifetime
      1991-94
0.0963 ± 0.0067 ± 0.0038
DELPHI lifetime
prel. 1991-94
0.0990 ± 0.0072 ± 0.0038
ALEPH lifetime
prel. 1991-95
0.0927 ± 0.0039 ± 0.0034
OPAL leptons
prel. 1990-95
0.0892 ± 0.0044 ± 0.0020
L3 leptons
prel. 1990-93
0.103 ± 0.010 ± 0.004
DELPHI leptons
prel. 1991-94
0.1049 ± 0.0076 ± 0.0038
ALEPH leptons
      1990-95
0.0965 ± 0.0044 ± 0.0026
mZ = 91 188 ± 2 MeV
mH = 60 - 1000 GeV


















 at √s = 91.26 GeV
LEP Average 0.0674 ± 0.0050
OPAL D
      1991-95
0.063 ± 0.012 ± 0.006
DELPHI D
prel. 1991-94
0.075 ± 0.012 ± 0.006
ALEPH D
prel. 1991-94
0.064 ± 0.013 ± 0.004
OPAL leptons
prel. 1990-95
0.0588 ± 0.0059 ± 0.0056
DELPHI leptons
prel. 1991-94
0.084 ± 0.014 ± 0.013
mZ = 91 188 ± 2 MeV
mH = 60 - 1000 GeV



























is measured with several methods:
{ leptons(ALEPH, DELPHI): R
c
BR(c! `) can be obtained from leptons at low p
t
.
This measurement is systematically limited by BR(c! `) which has to be inferred
from low energy data.
{ single/double tag (ALEPH, DELPHI): In a single/double tag measurement R
c
can
be extracted without knowing the tagging eciency. Only Monte Carlo corrections
for background and hemisphere correlations are needed. ALEPH and DELPHI have
presented such measurements for R
c
. ALEPH uses reconstructed D-mesons, which




tag. This measurement is however limited by the understanding of the background
systematics in the single tag sample.
{ inclusive/exclusive double tag (ALEPH, DELPHI, OPAL): This method tries to
overcome the two problems in the single/double tag measurements described above.

















) is the probability that a c-quark fragments into a
D
+











measured from the low p
t
pion rate opposite to an exclusively reconstructed D

.
The disadvantage of this method is that the D
0
reconstruction eciency in the
single tag sample needs to be known from simulation.
{ charm counting (DELPHI, OPAL): The production rate of a single charmed hadron
D is proportional to R
c
 f(D) where f(D) is the probability that a charm quark
fragments into a hadron D. Since all c-quarks end up in a weakly decaying particle
14










where the factor 1.15 accounts for up to now unmeasured charmed strange baryons.
If the reconstruction eciencies are known R
c
can therefore be measured from the
sum of four single tag measurements.
The results of the dierent measurements are presented in [26{28] and summarized in
gure 11.
0.1 0.15 0.2 0.25
Rc
ALEPH (90-94) Electron spectra
0.1649±0.0070±0.0066
ALEPH (91-95)  D* excl./incl.
0.176±0.013±0.011
ALEPH (91-95) D excl./excl.
0.169±0.013±0.011
DELPHI (91-94)  Charm counting
0.168±0.011±0.013
DELPHI (91-95) D* excl./incl.
0.167±0.015±0.015
DELPHI (91-94) D* incl./incl.
0.171±0.013±0.015
OPAL (91-93)  Charm counting
0.167±0.011±0.011















All precise measurements of R
b
are single/double tag measurements using a lifetime
tag. In a recent analysis ALEPH has upgraded this method by using ve dierent tags [11]:
1) a very pure impact parameter plus mass cut b-tag,
2) a neural net event shape b-tag,
3) a high p
t
lepton b-tag,
4) a neural net c-tag,
5) an impact parameter uds-tag.
All ve single and 15 double tag rates are measured in their analysis. If all hemisphere
correlations and the background eciencies for the tag 1) are taken from Monte Carlo,
R
b
and all other eciencies can be measured from data. The inclusion of the additional
tags does not alter the systematic uncertainty, but gives a substantial reduction in the
statistical error.
All experiments include their data up to 1994 now, so that most of the LEP 1
statistics is used. However some substantial improvements in the methods can still be
15
expected. Figure 12 summarizes the results which are presented in [11, 29{31]. Also the
result from SLD [10] is shown and included in the mean.
 Γb/Γhad
LEP+SLD 0.2178 ± 0.0011
LEP leptons
 1990-91(92) 0.2208 ± 0.0037
SLD vtx mass
   1993-95
0.2152 ± 0.0032 ± 0.0021
OPAL mult
   1992-94
0.2193 ± 0.0014 ± 0.0021
L3 shape
   1991
0.2223 ± 0.0030 ± 0.0064
L3 impact par.
   1994
0.2188 ± 0.0028 ± 0.0033
DELPHI mult
   1991-94
0.2205 ± 0.0014 ± 0.0018
ALEPH mult
   1992-94
0.2161 ± 0.0009 ± 0.0011
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Figure 12: The measurements of R
b
at LEP and SLD.
3.6 Results
All measurements presented here and the polarized forward backward asymmetries
from SLD [10] have been combined with the method described in section 3.2. The following























The correlation matrix can be found in table 4. The dominant error sources for the four





































0.00 {0.06 0.10 1.00 0.01 0.10
A
b
{0.03 0.05 0.04 0.01 1.00 0.12
A
c
0.01 {0.07 0.02 0.10 0.12 1.00



















statistics 0:67 3:7 2:0 4:1
internal syst. 0:53 2:9 0:8 2:2
QCD eects 0:31 0:4 0:3 0:4
BR(D ! K
0
X) 0:22 0:3 0 0





















) 0:06 1:1 0 0
Br(c! `) 0:03 2:2 0:2 0:3
gluon splitting 0:44 0:8 0 0
b fragmentation 0:15 0:1 0:2 0:1
light quarks 0:17 0:3 0:4 0
total 1:12 5:6 2:3 4:8







4 Interpretation of Electroweak Data
4.1 The weak mixing angle
All asymmetries measured at LEP and SLD can be interpreted in terms of the





. If new physics appears only via radiative corrections






from the dierent observables are summarized in gure 13. Their average, using









for the average is 12.8 for 6 degrees of freedom which corresponds to a
probability of about 5%. Responsible for the large 
2
are about equally the left-right






AFB leptons 0.23085 ± 0.00056
Aτ from Pτ 0.23240 ± 0.00085
Ae from Pτ 0.23264 ± 0.00096
AFB b-quark 0.23246 ± 0.00041
AFB c-quark 0.23155 ± 0.00112
<QFB> 0.23200 ± 0.00100
ALR (SLD) 0.23061 ± 0.00047
Average 0.23165 ± 0.00024
χ2/dof = 12.8/6
mZ = 91 186 ± 2 MeV
mH = 60 - 1000 GeV











0.228 0.23 0.232 0.234





at LEP and SLD.





there is an additional uncertainty of 0.00023 coming
from the uncertainty in the hadronic vacuum polarization in the running of the electromag-
18
netic coupling constant . This uncertainty can be only reduced by better measurements
of the total hadronic cross section at lower energies.
4.2 Quark couplings
The polarized forward backward asymmetries from SLD measure directly the cou-




. At LEP these parameters can be obtained
from the ratio of the quark asymmetries and A
`
from the lepton asymmetries. Table 6
summarizes the quark coupling parameters for the LEP and LEP+SLD data and their
Standard Model prediction. For the LEP only data the LEP value A
`
= 0:1466 0:0033
has been used. For the LEP+SLD the combined value A
`
= 0:1500  0:0025 was used
instead.
LEP LEP+SLD Standard Model
A
b
0:890 0:029 0:867 0:022 0:935
A
c
0:667 0:047 0:646 0:040 0:667




compared to the Standard Model.
Within the given precision the prediction is without uncertainty.
The bad agreement of A
b
with the prediction is another manifestation of the dif-






4.3 Standard Model ts
If new physics appears only via radiative corrections basically all electroweak ob-















plane dened by G. Altarelli et al. [32]. The three bands cross each other in the region
predicted by the Standard Model. This suggests that the data are globally consistent with
this model.
Since the data agree well with the predictions of the Standard Model they can be
used to constrain its unknown parameters via their eects on the radiative corrections.
To constrain the Higgs sector from the electroweak precision data a global t to all data
has been performed. For the t the program ZFITTER [33] has been used, however it has
been shown that dierent programs give identical results [34, 35].
For all parameters apart from R
b
, which depends only on m
t
, the eects induced
by the top and the Higgs particle are strongly correlated. The information on the Higgs
boson mass is therefore improved signicantly, if the direct measurement of m
t
from the
Tevatron [36] is imposed in the t. Apart from the LEP and SLD data also m
W
from the
Tevatron [37] and sin
2






from -nucleon scattering [38{40] are used. The











) = 0:120 0:003
The value of the strong coupling constant agrees well with the world average of 0:118
0:003 [15] which was obtained without the observables used here. The 
2
of the t is 19
for 14 degrees of freedom which corresponds to a probability of 16%. From this it can be
concluded that the data agree globally well with each other and with the Standard Model.
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[GeV] 91:1863 0:0020 91.1861 0:1
 
z




[nb] 41:508 0:056 41.465 0:8
R
`









0:1401 0:0067 0.1458  0:9
A
e
0:1382 0:0076 0.1458  1:0







































0:2149 0:0038 0.2158  0:2
A
b
0:863 0:049 0.935  1:4
A
c
0:625 0:084 0.667  0:5
c) pp and N
m
W







(N) 0:2244 0:0042 0.2235 0:2
m
t
[GeV] (pp) 175 6 172 0:5
Table 7: The quantities used in the electroweak t. The second column shows the ex-
perimental results, the third column the Standard Model prediction after the t and the
fourth column the dierence, normalized to the experimental error.
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All data used are summarized in table 7 together with the Standard Model predictions.
The deviations from the prediction follow perfectly the expectation.
Figure 15 shows the variation of the t-
2
with the Higgs mass. The shaded band
gives an estimate of the theoretical uncertainty. Including the theoretical error an upper
limit of m
H
< 550GeV can be derived at 95% condence level.
5 Measurement of V
cb
at LEP








with respect to the velocity
of the D
+
































where k(!) is a known kinematic function. For the form factor F(!), HQET predicts [41]:
F(!) = F(1)[1  
2
(1  !) + c(1  !)
2
]
F(1) = 0:91 0:04
where 
2
and c are in principle free parameters, however the correlation between the two
is also known from HQET with good precision [41].
The same analysis can also be performed at machines running at the (4S), however
in a very complementary way:
{ the data sample is typically larger at the (4S)-machines;
{ at the (4S) the B's are at rest, at LEP the B-momentum needs to be reconstructed;






decay is very low and
its acceptance very small close to the interesting limit !! 1, at LEP however the

+
momentum distribution is more or less independent of !.
ALEPH, DELPHI and OPAL have performed analyses of V
cb
using this decay [42{44].
D
+
` events are selected in dierent D
0
decay channels with a typical eciency of about
10% and a purity of about 80% independent of !.
For the reconstruction of !, the momentum vectors of the B and the D
+
need to be
known. Since the D
+





direction is reconstructed from the primary and secondary vertex positions.
The energy is estimated from the D
+
and ` energies and from the missing momentum in




. With this a resolution of ! < 0:1 is obtained.




. Figure 16 a)
shows the ALEPH data together with the t prediction. Figure 16 b) shows the same
data and prediction after correction for detector eects and the kinematic terms. Good
agreement with the linear dependence predicted by HQET can be observed.




are summarized in gure 17. One obtains [45]
F(1)jV
cb






Applying a scale factor of 1.23 on the error to account for some disagreement between the
dierent experiment yields for the world average [46]:
F(1)jV
cb
j = 0:0357 0:0021(exp:) 0:0014(curv:);
=) jV
cb


























































as a function of the Higgs mass. The shaded band gives an estimate of
the theoretical uncertainty.
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The result is in good agreement with the one obtained from the inclusive semileptonic
decay rate Br(b! c`) at LEP:
jV
cb
j = 0:0420 0:0005(exp:) 0:0041(th:);









mesons mix with their antiparticles via box-diagrams, mainly involving
top quark loops. The probability that a meson, which is produced at the time t = 0 as a
particle B, decays at time t as its antiparticle










where   is the total B decay width and m the mass dierence between the two CP-
































































need to be calculated from QCD. Some of the uncertainties in
the calculation drop out in the ratio.
At LEP, B-Mesons y several millimetres with an approximate vertex resolution of
about 300m. The mixing probability can thus be observed as a function of the B-lifetime.
To measure B-oscillations one needs need to
{ identify the b-charge at production time,
{ identify the b-charge at decay time,




For the measurement of B
0
-oscillations, a special B
0




-mesons oscillate much faster and all other b-hadrons don't oscillate. It is thus sucient
to reject background from light quark events.
6.1.1 Determination of the production charge
Generally the b-charge at production time is tagged by measuring the b-charge in
the opposite hemisphere. Two methods are used:
{ a high p
t
lepton,
{ a jetcharge algorithm combined with a lifetime b-tag.
Both methods provide a b-purity of  90% and a charge mistag rate of  25%.
6.1.2 Determination of the decay charge
Again two methods are commonly used:




































(b) D*l  sample
ALEPH
Figure 16: a) Dierential event rate dN=d! after cuts and background subtraction. The
points are the data and the solid line is the result of the t.
b) F(!)jV
cb
j as a function of !. The points are the data, corrected for all detector eects
and kinematic terms. The solid line is the result of the t. The shaded area represents its



















6.1.3 Measurement of proper time t





), where l is




its energy, and c the speed of light.
l is normally measured from the distance between the tted primary and secondary
vertices. The typical resolution is l  300m compared to a mean decay length of
hli  3mm. In some of the lepton analyses, instead of the decay length the lepton impact
parameter is used, which is on a statistical basis related to the decay length.
The B-energy is measured from the tracks attached to the secondary vertex, the
missing energy in the hemisphere, and some correction for photons from the B-decay. Due




Figure 18 shows the resolution of the proper time measurement (a) and the resolu-
tion normalized to its error (b) for the OPAL D

` analysis. Some negative tails due to
an imperfect assignment of tracks to the secondary vertex can be observed.
Figure 19 shows the proper time distribution from the ALEPH lepton analysis. The
data agree well with the Monte Carlo prediction. All the background is concentrated at
small proper times.
6.1.4 Results
To obtain the mixing parameter m
d
the experiments t the fraction of mixed
events as a function of the proper time. To reduce the systematic uncertainty, apart from
m
d
, some other parameters describing the background and the tagging eciencies are
left free in the t.
Figure 20 shows the fraction of mixed events from the DELPHI jetcharge-lepton
analysis. Good agreement with the t can be observed. The LEP results are described
in [47{50]. All results, including those of CDF and SLD are summarized in gure 21 [46].
The current world average is
m
d









analyses where a lepton is used to tag the decay charge can also be used to





is replaced by a D
s




, reducing the statistical error of the analysis.
When a b-quark fragments into a B
0
s
meson there is a high chance that the free s-
quark from the fragmentation chain ends up in a Kaon of the same charge as the b-quark.




charge. However the sensitivity of this analysis is not yet as large as when the production
charge is tagged in the opposite hemisphere.
6.2.1 Combination of results
Up to now only lower limits exist for m
s
. To combine the limits of several analyses
inside one experiment, and more of dierent experiments, the \amplitude method" [51]















































Figure 18: a) Dierence between the reconstructed proper time t and the true proper time
t
0
in the OPAL D

` analysis. The points are the data and the solid line is the prediction
from the Monte Carlo.
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Figure 19: Reconstructed proper time distribution from the ALEPH lepton-jetcharge anal-
ysis. The points are the data and the solid line the Monte Carlo prediction. The white
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Figure 20: Fraction of mixed events as a function of the reconstructed proper time from
the DELPHI lepton-jetcharge analysis.
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(91-94)D*± / lep or Qj 0.482±0.044±0.024
A
LE
PH (91-94)lep / Qj 0.396±0.0460.044±0.028
(91-94)lep / lep 0.426±0.039±0.052
     Average 0.436±0.026±0.020




I (91-94)lep / Qj 0.489±0.042±0.026
(91-94)pi*+lep / Qj 0.493±0.053±0.011
(91-94)lep / lep 0.455±0.040±0.0470.058
     Average 0.487±0.025±0.020
(94)lep / lep 0.496±0.0550.051±0.043L3





 / lep 0.567±0.089±0.0290.023
(91-94)lep / Qj 0.439±0.0300.029±0.0200.019
(91-93)lep / lep 0.462±0.0400.053±0.0520.035
     Average 0.471±0.023±0.016
(93-95)K / Qj+Pol 0.580±0.066±0.075
SL
D
(93-95)δq / Qj+Pol 0.561±0.078±0.039
(93-95)lep+topo / Qj+Pol 0.452±0.074±0.049
(93-95)lep / Qj+Pol 0.520±0.072±0.035
     Average 0.525±0.043±0.037
(1A+1B)lep+D(*)± / piss 0.446±0.057±0.0340.031
CD
F (1A)µ / µ 0.427±0.120±0.140
     Average 0.444±0.052±0.033
(0.51 fb-1)ARGUS - χd 0.462±0.071±0.066




Figure 21: Summary of m
d
measurements at LEP, SLD and CDF.
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In the oscillation t, m is xed to an arbitrary value and A is tted instead. If m is
xed to the correct value, A has to be compatible with 1. In general A(m) follows a





m can thus be excluded, if the corresponding A(m) is incompatible with one. To
combine several analyses, measurements of A need simply to be combined in the usual
way and the compatibility of the combined A with 1 has to be tested. As an example,
gure 22 shows the tted amplitude as a function of m
s
for the single ALEPH analyses
and gure 23 the combined amplitude from ALEPH and DELPHI.
Figure 22: Fitted amplitude A as a function of the assumed m
s
for the dierent ALEPH
analyses. The points with the error bars are the tted amplitudes, the solid line the 95%
upper limits derived from them and the dashed line the sensitivity, i.e. the upper limit if
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Figure 23: Combined amplitude from ALEPH and DELPHI. The meaning of the points
and lines is as in gure 22.
6.2.2 Results
The analyses of ALEPH, DELPHI and OPAL are described in [52{54] and summa-






OPAL still used the likelihood method, so their result could not easily be combined with
the others.
From gure 24 it can be seen that there is a signicant gain from combining ex-
periments. In addition one can see that in the case of ALEPH one analysis has a better
exclusion limit than the combination. In fact with about 10 analyses of comparable preci-
sion it is quite probable that one of them excludes the true value of m
s
with 95% C.L..
It is thus wrong to use just the best limit.
7 B-hadron Lifetimes
In the naive spectator model, all b-hadron lifetimes should be equal. It has however
been known since long that the lifetimes of charmed hadrons dier up to a factor of three,
because of interference eects between the dierent assignments of decay and spectator
quarks to the nal state hadrons. Due to the higher b-mass, the lifetime dierences in the
B-sector are expected to be much smaller.
At LEP all b-hadrons are produced and can be tagged via specic decay modes.





B-mixing. For all hadrons, important updates have been presented this summer.
As an example, gure 25 shows the B
0
lifetime spectrum from a DELPHI analy-
sis with inclusively reconstructed D

[55]. The inclusive reconstruction technique per-
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9.2     ALEPH+DELPHI
lep / Kss+Qj (91-95)
lep / lep (91-94)
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Figure 24: m
s
limits from the dierent LEP analyses.
mits a high eciency simultaneously with a high purity and precise estimation of the
B-momentum. This analysis obtains about the same precision as the current world aver-
age. The results for the dierent b-hadrons are summarized in tables 8, 9, 10 and 11. The
averages have been obtained by the LEP B-lifetime group, taking into account common









known to 5% or better by now.
Figure 26 compares the ratios of the b-hadron lifetimes to the B
0
-lifetime with the
theoretical predictions assuming factorization. The ratios of the B-meson lifetimes agree
well with the expectation. The lifetime of the b-baryons, however, is about three standard
deviations lower than predicted.
8 Conclusions
Using close to the full LEP 1 statistics results on electroweak and heavy avour
physics have been presented. The electroweak results agree on the per mill level with the
predictions from the Standard Model. On the heavy avour sector the production of all
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Figure 25: Reconstructed proper time distribution from the DELPHI B
0
lifetime analysis.
Fig. a) is from the 1991-1993 dataset with a two dimensional silicon vertex detector and
b) for the 1994 dataset with an upgraded three dimensional detector. The points are the
data, the white area represents the Monte Carlo prediction for the signal and the grey
ones are the prediction for the background.






` 91-94 1.610:07 0:04 [57]














Excl. (J= K) 92-93 & 94-95 1.58 0.09  0.02 [58]
CDF D
()
















` 91-93 1.53 0.12  0.08 [62]
SLD
(p)






Charge sec. vtx. 93-95 1.63 0.07  0.06 [64]
Average 1.55 0.04










` 91-94 1.580:09 0:04 [57]






Excl. (J= K) 92-93 & 94-95 1.68  0.07  0.02 [58]
CDF D
()
` 92-93 1.56  0.13  0.06 [59]
DELPHI D
()
` 91-93 1.61  0.16  0.12 [60]
DELPHI Charge sec. vtx. 91-93 1.72  0.08  0.06 [61]
OPAL D
()
` 91-93 1.52  0.14 0:09 [62]
SLD
(p)






Charge sec. vtx. 93-95 1.69 0.06  0.06 [64]
Average 1.65 0.04
Table 9: Measurements of B
+
lifetime.(p) preliminary





















































































` 92-93 & 94-95 1.320:15 0.07 [74]


































Table 11: Measurements of b-baryon lifetime. (p) preliminary
The ALEPH and DELPHI ` results are not included in the quoted average since the
selected data sample contains mostly 
b
while the selected data sample in the other
















Figure 26: Ratio of the dierent b-hadron lifetimes to the B
0
lifetime. The points with
the error bars are the world averages and the shaded areas the theoretical prediction.
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